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Abstract:
Plastics enter the environment from many sources, including clothing made from
synthetic textiles, which shed a form of microplastics (microfibers) during their
production, use and disposal. The impacts of microfibers on freshwater organisms are
relatively unknown, therefore we tested the hypothesis that short- and long-term effects
of microfibers on the aquatic worm, Lumbriculus variegatus, depend on the type of
synthetic microfiber present. Microcosms containing L. variegatus, sediment and water
were exposed to either no fibers (control) or one of three microfiber treatments (nylon,
polyester or olefin) at the same concentration for 48 hours or 28 days. At the end of each
exposure, L. variegatus were counted, weighed, and the number of microfibers ingested
were determined. The number of microfibers recovered varied across treatments;
polyester occurred at a higher concentration than nylon and olefin in both time periods.
After 48 hours, polyester microfibers were approximately 50 times more prevalent than
nylon and olefin fibers. The amount of olefin recovered increased the most over time,
nearly 4.5 times from 48 hours to 28 days. Minimal mortality occurred after 48 hours,
and the population of L. variegatus doubled in size after 28 days across all treatments.
Given that L. variegatus microfiber ingestion appeared to be affected by the type of
microfiber, and L. variegatus are consumed by larger organisms such as fish, these data
could help determine which microfibers are likely to enter the food web and support
additional water quality policies to reduce the release of textile waste into freshwater
systems.
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Introduction
Plastic is a part of our everyday lives as consumers in a modernized society. It is
used in the creation of many products because it is lightweight, durable, and inexpensive
to produce (Blettler and Wantzen 2019). Since mass production of plastic products began
in the 1950s, there has been a 235-fold increase in annual production as of 2015 (Geyer et
al. 2017). If consumption rates continue to rise at this pace, there will be a total of 33
billion tonnes of plastic added to the environment by the year 2050 (Rochman et al.
2013). Unfortunately, the beneficial characteristics of plastic (e.g. durability) which make
it useful to consumers are the same attributes that make it detrimental once it enters
aquatic environments (Shaw and Sahni 2014). While degradation mechanisms such as
photodegradation, thermo-oxidative degradation, and hydrolysis can cause the plastic to
become brittle and prone to fragmentation, the hydrocarbon chemical composition of
plastic debris makes it insusceptible to complete degradation within the environment
(Andrady 2011; Shaw and Sahni 2014). This fragmentation leads to the formation of
microplastics (plastic particles less than 5 mm in length) which are incredibly difficult to
remove due to their size (Akdogan and Guven 2019).
There are two forms of microplastics in the environment; primary and secondary
microplastics. Primary refers to plastics originally synthesized at < 5 mm, and are
typically found in cosmetic products, such as exfoliating facial cleansers and body scrubs
(Miraj et al. 2019). In contrast, secondary microplastics, such as micro fragments or
microfibers, are formed when larger plastics undergo some degree of degradation
(Andrady 2011). Most microplastics in the environment are classified as secondary
microplastics, and typically come from plastic bags, bottles, netting, drinking straws,
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plastic utensils, food containers and clothing made of synthetic textiles (Andrady 2011;
Rathinamoorthy et al. 2020). A review of the removal and occurrence of microplastics in
the effluent of twenty-five wastewater treatment plants (WWTPs) worldwide revealed the
median value of the total daily discharge of microplastics to be 2,000,000 particles day-1,
equivalent to an average annual discharge of 50,000,000 m3 year-1 (Sun et al. 2017).
More than one third of the microplastics reaching aquatic systems are microfibers
derived from synthetic textiles which is largely a result of the fast fashion industry
producing new clothing style options every year at affordable prices (Boucher and Friot
2017; Ellen MacArthur Foundation 2017). As a result, more than half of the clothing
items produced are disposed of in less than a year and release fibers to the environment
during production, washing and drying while in use, and at end-of-life disposal (Ellen
MacArthur Foundation 2017; Henry et al. 2019). Despite the ability of WWTPs to
remove microplastics, they still serve as an entryway for plastic particles into the
environment due to limited efficiency (Edo et al. 2020). Synthetic fibers in particular are
not removed effectively because they are prone to fragmentation (McCormick et al.
2014). Fibers were found to represent 20-30% of microplastics recovered in effluents,
and 62-84% the total microplastics identified in sludge in one WWTP located near
Madrid, Spain (Edo et al. 2020). Furthermore, microfibers accounted for over half of the
total mean microplastic concentration downstream of a WWTP in a highly urbanized
river in Chicago, Illinois, USA (Gupta and Afshari 2018). Once microfibers are present in
the surface water, over time they will settle to the bottom of the water column and
become deposited on and within the sediment.
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Microplastic settling rate through the water column and onto the benthos is
affected by shape, density, buoyancy, diameter and biofilm colonization (Hoellein et al.
2019). Microfibers in particular experience an intermediate deposition velocity that is less
than microfragments and greater than pellets (Hoellein et al. 2019). However, Hoellein et
al. (2019) reported that rigid acrylic fibers in complex three-dimensional shapes remained
suspended longer in the water column than lower density simple shaped fragments in
turbulent water, supporting their conclusion that fiber deposition is primarily influenced
by shape rather than density. The tendency for microfibers to remain suspended in the
water compared to other types of microplastics suggests they are more likely to be
transported long distances (Bagaev et al. 2017). While Hoellein et al. (2017) could not
confirm longitudinal trends in microfiber distribution, fibers were the most abundant type
of microplastic in surface water and sediments along a 1900-m stretch downstream of a
WWTP within the North Shore Channel in Chicago, IL, USA, with greater microfiber
abundance in the sediment.
Once microfibers are deposited in the sediment, they are available to benthic
marine and freshwater organisms with the potential for detrimental effects. Jemec et al.
(2016) observed Daphnia magna primarily ingest ground polyethylene terephthalate
(PET) microfibers 300 μm in length and experienced nearly double the mortality rate if
not pre-fed with algae prior to exposure. D. magna was not able to recover from
microfiber exposure after a 24-hour recovery period in a microfiber free medium which
suggests that prolonged exposure to microfibers could lead to hazardous effects on
reproduction, growth, and mortality (Jemec et al. 2016). Microfibers have also been
identified in the larger aquatic organisms such as mussels (Mytilus galloprovincialis)
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(Fernández and Albentosa 2019). Smaller fibers were not completely depurated because
they are more prone to become entangled in the gastrointestinal tract. (Santonicola et al.
2021).
Preliminary evidence suggests microfibers are more toxic than other forms of
microplastics. This was observed by Ziajahromi et al. (2017) as polyester fibers
consistently showed greater negative effects on freshwater zooplankton Ceriodaphnia
dubia than polyethylene beads. The adverse effects of microfibers on C. dubia was not
solely due to ingestion, but to external physical damage which significantly affected
survival, growth and reproductive success (Ziajahromi et al. 2017). Furthermore, Au et
al. (2015) observed that the freshwater benthic amphipod, Hyalla azteca exhibited 10-day
LD50s that were several orders of magnitude lower when exposed to polypropylene
microfibers than polyethylene particles (71.43 vs. 4.64 ×104 microplastics mL-1).
Microfiber toxicity was concentration dependent as treatments of 45 and 90 microfibers
mL-1 reduced H. azteca weights by 50% and 65%, and led to increased egestion time by 2
and 4-fold, respectively, when compared to the egestion rate of natural food items by
organisms not exposed to microfibers (Au et al. 2015). The negative effects of
microfibers on aquatic organisms coupled with the fact that fibers are some of the most
abundant microplastics in the environment suggests that benthic organisms (e.g.
Lumbriculus variegatus) may be particularly vulnerable to microfiber toxicity.
Benthic invertebrates comprise a large portion of fish prey biomass in freshwater
habitats (Mount et al. 2009). Lumbriculus variegatus is a deposit feeder frequently used
as a model organism for the benthic community due to their high tolerance for degraded
environmental conditions (Scherer et al. 2017; Kuntz and Tyler 2018). Their sediment
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ingesting behavior makes them effective test organisms for studying bioaccumulation of
hydrophobic sediment-bound contaminants such as microplastic particles and fibers
(Leppänen and Kukkonen 1998). Since L. variegatus plays a key role in the diet of many
organisms in higher trophic levels, it is important to see how they are affected by
microplastic pollution because they may serve as an entry way for microplastics into the
food web.
Preliminary research observed L. variegatus response to microplastic fragments,
yet research is lacking on the response to microfibers. Silva et al. (2021) exposed
blackworms to irregularly-shaped polyethylene microplastics (MPs) at various
concentrations for 48 hours and 28 days. The concentration of microplastics ingested by
L. variegatus were found to be concentration-dependent and blackworms experienced up
to a 60% decrease in their energy reserves. Similarly, Wright et al. (2013) exposed the
polychaete worm Arenicola marina (lugworm) to spiked sediment containing
unplasticised polyvinylchloride (UPVC) microplastic particles and observed up to a 50%
decrease in energy reserves. This decrease in energy is most likely due to a reduction in
feeding activity and an increase in the phagocytic activity of the lugworm's immune cells
which can be metabolically demanding. The presence of PVC microplastics alone made
A. marina 30% more susceptible to oxidative stress, and microplastics with presorbed
pollutants led to their inability to engineer sediments and caused mortality (Browne et al.
2013). Since preliminary research suggests microfibers are more toxic than microplastics
on aquatic organisms, further research is needed to investigate the effects of microfibers
on L. variegatus. To my knowledge, no published literature exists on this topic.
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Polyester, acrylic, nylon (polyamide) and olefin (polypropylene) represent the
major types of synthetic microfibers found in sediment samples across six continents
(Henry et al. 2019). Polyester and acrylic are the most prevalent fibers found at
waste-water treatment plant disposal sites at 78% and 22%, respectively, suggesting a
main source of these microfibers is the laundering of clothing made of synthetic textiles.
Napper and Thompson (2016) found that polyester shed the most microfibers through
washing, followed by acrylic and a polyester-cotton blend. This is not surprising due to
the higher pilling nature of polyester and acrylic, making them more likely to shed
microfibers (Napper and Thompson 2016). Hurley et al. (2017) observed 87% of
microplastics ingested by freshwater Tubifex worms were microfibers; polyester, acrylic
and olefin (polypropylene) fibers were ingested most abundantly at proportions higher
than what was represented in the host sediment. This suggests a preference for ingestion
of these fiber types by Tubifex worms, possibly due to their small diameter which aids in
ingestion (Hurley et al. 2017).
The polyester and acrylic fibers used in this experiment are extremely thin, and
clingy in nature, as opposed to the nylon and olefin fibers that have a thicker diameter.
The polyester and acrylic fibers tend to adhere to themselves both in and out of liquid
medium, forming clumps when wet. Whereas nylon and olefin are separated into
individual fibers and do not tend to aggregate together in water. It is possible that L.
variegatus may experience similar behavior to the freshwater Tubifex worms in the
uptake of microfibers due to their different shape, accumulating microfibers in their gut
throughout chronic exposure unlike with microplastic particles (Hurley et al. 2016; Silva
et al. 2021).
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I hypothesized that the number of synthetic microfibers ingested by L. variegatus
depends on the type of synthetic microfiber in the environment. I predict L. variegatus
will ingest polyester most abundantly after both time periods due to its thin and clingy
nature. Furthermore, after 48 hours, I expected fewer microfibers ingested and no
changes in mortality or biomass, whereas after 28 days I expected a greater number of
microfibers ingested, increased mortality and decreased biomass due to the possibility of
longer gut residence of microfibers.

Methods
To address the hypothesis that the number of synthetic microfibers ingested by L.
variegatus is dependent upon the type of fiber present, I conducted a series of microcosm
experiments in which L. variegatus were exposed to the same environmentally relevant
concentration of nylon, polyester, olefin or acrylic microfibers for either 48 hours or 28
days.
Study Organism
Blackworms, L. variegatus, were obtained from Ward’s Scientific (Rochester,
New York) and cultured in aquaria with dechlorinated tap water for two months prior to
the experiment. The organisms were kept at room temperature under a 16/8h light/dark
photoperiod and fed sinking fish food pellets ad libitum.

Experimental Design
The experimental design was a modified version of the protocol from Silva et al.
(2021). The glass microcosms (300 ml) used in both the acute and chronic exposure
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periods contained 50 g of sediment and 250 mL of dechlorinated tap water. The sediment
was collected from a pond at Georgia Southern University, Statesboro GA (32.421341,
-81.788762), dried to constant weight, and combusted at 500°C for 4 hours in a muffle
furnace (Model 650-126, Fisher Scientific) to remove organic matter. The sediment was
ground with a mortar and pestle, and passed through a 2 mm sieve to remove large debris
before being added to the microcosms.
The 48-hour experiment had five treatment groups: control (no fibers added),
acrylic, nylon, olefin and polyester (n=6). Acrylic was excluded from the 28-day
experiment due to a lack of material needed to produce the experimental concentration
across an additional six replicates. Fibers were purchased from Textile Fabric
Consultants, Inc. (Smyrna, TN) and manually cut with scissors to < 5 mm. Each replicate
within a fiber treatment group received their respective microfiber type at a concentration
of 5 g kg-1, after the addition of the sediment and dechlorinated tap water. Once the
microfibers were added, the microcosms equilibrated for 24 hours (Silva et al. 2021).
Water quality parameters (pH, temperature, dissolved oxygen, and conductivity)
were measured before the L. variegatus were added to each replicate, at the end of the
48-hour experiment and at the midpoint (14d) and end of the 28-day experiment to ensure
abiotic conditions remained favorable for L. variegatus (Table 1). No food was provided
during the 48-hour experiment, while L. variegatus within the 28-day experiment
received 10 mg microcosm-1 of macerated fish food once a week (Roman et al. 2007).
After the 48-hour and 28-day experiments, blackworms were removed from the
microcosms, counted, blotted with filter paper, weighed and then transferred to a 2 mL
cryovial for storage at -80℃ until analysis for the number of microfibers.
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Microfiber Processing and Analysis
To assess the number of fibers ingested after 48 hours and 28 days, L. variegatus
were chemically degraded using a modification of the digestion, extraction and
quantification protocol from Silva et al. (2021). Instead of incubating L. variegatus in
nitric acid (HNO3) 65%, which completely degrades nylon fibers (personal observation;
Claessens et al. 2013), I used 1 mL of 10% potassium hydroxide (KOH) at 40°C for 24
hours to eliminate biological materials and maximize plastic polymer recovery rate
(Karami et al. 2017). The liquified samples were diluted with deionized water and
vacuum-filtered through gridded cellulose ester filters (Whatman, Mixed Cellulose Ester
Filter, 0.45 μm pore size) (Silva et al. 2021). The filtration device was rinsed three times
per sample with deionized water to support maximum microfiber recovery. I dried the
filters in individual covered petri-dishes at room temperature and quantified the number
of microfibers on each filter visually using a Carl Zeiss Stemi DV4 Stereo Microscope
with magnification power ranging from 8X to 32X (Silva et al. 2021).

Statistical Analysis
The data were tested for normality using the Shapiro-Wilk W test and equality of
variances using Levene’s test. Only the number of fibers ingested did not meet the
assumptions of parametric tests and could not be transformed. Therefore, differences in L.
variegatus number and weight across treatments were analyzed with one-way Analysis of
Variance (ANOVA), and differences in the number of microfibers across treatments were
determined using the nonparametric analog of ANOVA, Kruskal-Wallis, followed by the
Steel-Dwass post-hoc pairwise comparisons.
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Results
The number of microfibers ingested by L. variegatus depended on the type of
microfiber present in both the 48-hour (Kruskal-Wallis χ24 = 23.54, p<0.0001) and 28-day
(Kruskal-Wallis χ23 = 20.52, p<0.0001) experiments (Figure 1). After 48 hours, the
ingestion rate of polyester and acrylic did not differ from each other (Steel-Dwass
p=1.00). However, the polyester microfiber concentration was 34 times greater than
nylon (Steel-Dwass p=0.04), and 19 times greater than olefin (Steel-Dwass p=0.04) after
48h. In contrast, acrylic fibers occurred at a concentration 27 times greater than nylon
(Steel-Dwass p=0.04) and 69 times greater than olefin (Steel-Dwass p=0.04) (Figure 1).
Microfiber type also affected the number of fibers ingested by L. variegatus after
28 days (Kruskal-Wallis χ23 = 20.52, p<0.0001). Specifically, olefin was ingested at a
mean of 0.6, nylon at 0.9 and polyester at 17.8 fibers individual-1 compared to 0 in the
control (Steel-Dwass p=0.01). The mean number of polyester fibers recovered was also
2.3 times greater individual-1 than the average for nylon and olefin (Figure 1). The
amount of olefin recovered from L. variegatus increased the most over time, nearly 4.5
times from 48 hours to 28 days. Nylon and olefin were recovered at similar amounts
compared to the control after 48 hours, but different from the control after 28 days of
exposure (Steel-Dwass p=0.48, p=0.37).
Exposure to microfibers did not have an effect on mortality after 48 hours (only
two L. variegatus individuals total in the polyester treatment) or 28 days. Neither the final
number (One-Way ANOVA 48h: F 4,28=1.84, p=0.15; 28d One-Way ANOVA F 3,23=1.28,
p=0.31) nor mean final weight of L. variegatus (One-Way ANOVA 48h: F 4,28=0.16,
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p=0.95; 28d: F3,23=1.61, p=0.22) changed with exposure to different fiber types. The
population of L. variegatus doubled in size after 28 days across all treatments (Figure 2).
Finally, there was a nonsignificant pattern of decreased final weight of L. variegatus in
the polyester treatment relative to the other treatments (14-19%).

Discussion
My hypothesis that the type of synthetic microfiber presented to L. variegatus
affects the amount of fibers ingested was partially supported. L. variegatus ingested
acrylic and polyester fibers more than nylon and olefin after 48 hours, and polyester most
abundantly after chronic exposure. There was no significant effect on reproduction or
biomass after both time periods due to fiber type.
It is likely acrylic and polyester were the most recovered from L. variegatus due
to their physical characteristics which could increase gut retention time as seen with
microfibers by Au et al. (2015). Microfiber shape and density influence the negative
effects experienced by aquatic organisms exposed to these contaminants (Hoellein et al.
2019). The acrylic and polyester fibers we used have a smaller diameter than the nylon
and olefin fibers which may have allowed L. variegatus to ingest the fibers along with the
fine-grained sediment. Similar behavior was observed in Tubifex tubifex worms and
earthworms Lumbricus terrestris which have a preference for particles less than 63 and
50 μm in diameter, respectively (Hurley et al. 2017; Huerta Lwanga et al. 2016). An
increased tendency to ingest polyester and acrylic compared to other fibers was also
observed in Tubifex worms which ingested these fibers most abundantly despite their low
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representation within the host sediments of the Salford Quays basin in Manchester, UK
(Hurley et al. 2017).
Acrylic and polyester are extremely thin, and clingy in nature; they would adhere
to themselves and aggregate on the sediment surface within the microcosms, forming
clusters. It is probable L. variegatus ingested multiple acrylic and polyester fibers, and
due to their twisted nature, it was more difficult to readily egest them. Despite efforts to
remove all microfibers from L. variegatus bodies prior to analysis, acrylic and polyester
fibers may have adhered to their external surface due to their clingy and nearly
transparent nature. Similar behavior was noted in Revel et al. (2020) which exposed the
ragworm Hediste diversicolor to microparticles within the water column and sediment;
they observed higher plastic recovery from H. diversicolor exposed to microplastics in
the water column and attributed this to the possibility of particles getting trapped on the
mucus on the worms’ body as opposed to within the sediment.
I hypothesized L. variegatus would ingest more microfibers throughout chronic
exposure as opposed to acute exposure. As predicted, the number of fibers recovered
after 28-days was an average of nearly 3 times higher than after acute exposure. The
amount of microfibers recovered from L. variegatus after short-term and long-term
exposure is opposite of the results observed by Silva et al. (2021) which investigated
blackworm response to polyethylene microfragments. Silva et al. (2021) recovered a
lower number of microfragments after 28-day exposure than 48-hours. This may be due
to their sediment-ingesting behavior which allows for faster processing rates of
microfragments and shortened microplastic gut residence. Similar egestion of
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microplastic fibers from L. variegatus was not observed in this experiment, most likely
due to microfiber characteristics.
The presence of microfibers was expected to increase mortality within both
experimental time periods, however, exposure to microfibers did not affect the number of
worms (mortality) or biomass after both time periods. In fact, the population of
blackworms doubled in both number and weight after the 28-day exposure to microfibers.
Silva et al. (2021) observed similar low mortality for L. variegatus exposed to
microfragments. Despite no change in mortality or biomass, Silva et al. (2021) observed
decreased energy reserves (lipid and sugar content) and aerobic energy production. This
decrease in energy was attributed to activation of antioxidant and detoxification
mechanisms that prevent oxidative damage; this mechanism is most likely why L.
variegatus exhibited a lower sensitivity to microplastic exposure as opposed to other
aquatic invertebrates.
Microplastics are commonly coated with plastic additive chemicals (PACS) and
can adsorb harmful chemicals such as persistent organic pollutants (POPs) (Gouin 2021).
As microplastics are distributed throughout the environment they can transport chemical
contaminants throughout the environment and into the food web if ingested by aquatic
organisms. While L. variegatus does not appear to experience significant mortality or
detrimental effects on growth as observed in the organisms in this study, it is possible this
is because the microplastics used in this study and in Silva et al. (2021) were not
previously exposed to the environment to absorb chemicals. Browne et al. (2011) states
polyester and acrylic fibers are among the most likely textiles to transport chemical
contaminants compared to polyethylene or polypropylene fibers that contain more
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hereogenic atoms. Therefore, blackworm mortality and overall response may be different
when exposed to microplastics derived from the environment instead of new particles;
this merits further investigation.
Overall, this research suggests L. variegatus preferentially ingests acrylic and
polyester over other types of microfibers due to their small diameter and clingy nature
which can lead to the accumulation of fibers in their gut, even in the presence of food.
While microfiber exposure may not have immediate adverse effects on L. variegatus
populations, it is likely that blackworms can serve as an entry point for microfibers into
aquatic foodwebs, with the potential to influence aquatic organisms in higher trophic
levels. Blackworms are a common source of food at the bottom of the food chain and are
ingested by small fish such as minnows and trout. Once microfibers are consumed by
higher trophic level organisms, they are more likely to enter our human diet as well. A
quantifiable concentration of microplastics have now been identified in human blood and
in every organ (American Chemical Society 2020; Leslie et al. 2022). This highlights the
importance of investigating how microplastics are transferred, as the detrimental effects
experienced by aquatic organisms may be observed in higher trophic level species as
well.
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Figure Captions
Figure 1. Mean number of microfibers recovered from L. variegatus following acute
(48h) and chronic (28d) exposure. Error bars are ± one SEM and n=6. Letters indicate
significant differences among means, lower-case letters are associated with 48h and
uppercase letters with 28d.

Figure 2. a) Mean final A) weight and B) number of L. variegatus following 48h and 28d
experiments. Error bars are ± one SEM and n=6.
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Table 1. Mean water quality measurements for conductivity, dissolved oxygen (DO), pH,
and temperature ± one standard error of the mean (SEM) for Lumbriculus variegatus in
48h (initial and final) and 28d (initial, midpoint and final) experiments.
Parameter

Initial (48h)
Mean±SEM

Final (48h)
Mean±SEM

Initial (28d)
Mean±SEM

Mid (28d)
Mean±SEM

Final (28d)
Mean±SEM

Conductivity

334.67 ±3.51

375.67 ±1.90

338.33 ±4.37

397.92 ±2.48

385.83 ±4.42

Dissolved
Oxygen (DO)

7.19 ±0.04

7.09 ±0.02

7.09 ±0.02

6.95 ±0.03

7.16 ±0.03

pH

7.41 ±0.03

7.37 ±0.01

7.35 ±0.01

7.23 ±0.02

7.60 ±0.03

Temperature

21.32 ±0.33

19.95 ±0.03

21.15 ±0.02

19.60 ±0.02

19.35 ±0.01
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Figure 1. Mean number of microfibers recovered from L. variegatus following acute
(48h) and chronic (28d) exposure. Error bars are ± one SEM and n=6. Letters indicate
significant differences among means, lower-case letters are associated with 48h and
uppercase letters with 28d.
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Figure 2. Mean final A) weight and B) number of L. variegatus following 48h and 28d
experiments. Error bars are ± one SEM and n=6.
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